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Abstract 
Ultra-precision (UP) milling processes can be dramatically sped up, and thus made more cost-efficient, by utilizing tools with multiple cutting 
edges. This, however, requires a dedicated actuating mechanism to interactively control the cutting radius of the individual cutting edges with 
nanometer precision. This paper presents recent advances in developing a tool holder for diamond fly-cutting that enables the alignment of two 
or more cutting edges via thermal elongation of the substrate material. After building a comprehensive model of the actuator and verifying it in 
a static test setup, a closed-loop control was developed that allows setting the elongation in a static setup with nanometer accuracy. 
 
© 2016 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the International Scientific Committee of 7th HPC 2016 in the person of the Conference Chair Prof. 
Matthias Putz. 
 Keywords: Ultra precision, alignment, thermo-mechanical actuator 
 
1. Challenges in ultra-precision milling 
Ultra-precision machining is a flexible way to machine 
complex optical components and microstructures [1–3]. With 
respect to the shape and symmetry of the part, different 
machining processes are typically applied [4]. Rotational 
symmetric shapes and even mild aspheres, for example, are 
preferably generated by turning operations [5], linear groove 
structures may be machined by planing [6], while freeform 
surfaces are generally machined by milling [7].  
Compared to conventional machining processes, however, 
diamond machining suffers from some severe disadvantages: 
Firstly, Only a limited spectrum of materials can be machined 
with acceptable tool wear (e.g. Al, NiP, Cu, but not Fe) [8]. 
Secondly, due to the tight tolerances of optical components 
long processing times are inevitable. Machining a surface 
with optical finish and high form accuracy, i.e. Sa < 10 nm 
and PV < 0.1 μm, can easily require several hours or even 
days. Furthermore, there is only limited possibility for 
introducing common automation techniques into the setup 
procedure, e.g. for referencing the part or the tool, which 
therefore has to be conducted manually. 
In case of diamond milling, further restrictions are at hand: 
For a high precision rotary movement of the tool, air bearing 
spindles are typically applied. Being specifically susceptible 
to imbalances, these are typically operated at comparably low 
speeds, i.e. n < 5000 min-1 [9]. Last but not least, only one 
diamond cutting edge is commonly applied, to obtain a 
defined circle of rotation, thus resulting in the common 
denotation “fly-cutting” for such processes [10]. 
The necessity of the last point can be understood best, 
when looking at the true scale dimensions in chip removal. In 
combination with a lateral feed motion vf, the cutting edge, 
moving on the radius rfly, generates a so-called kinematic 
roughness Rkin on the surface (Fig. 1). 
 
Fig. 1. Dominant dimensions in chip removal. 
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Thus, a supplementary cutting edge has to move on exactly 
the same circle of rotation as the previous one. If the deviation 
is larger than the kinematic roughness (i.e. ǻrfly > Rkin), the 
additional cutting edge removes some of the substrate 
material, but is not involved in generating the final surface 
topography. Furthermore, if the deviation is larger than the 
maximum undeformed chip thickness hcu,max, the respective 
cutting edge is not engaged in cutting at all. 
As a consequence, using multiple cutting edges in diamond 
machining requires additional mechanisms to align their 
circles of rotation to a common radius. However, designing 
such a mechanism in a purely mechanical way cannot achieve 
the required precision of only a few nanometers. While this 
precision is easily achieved by electrical actuators, e.g. piezos, 
integrating these systems on a milling tool requires complex 
electronic systems for power supply, dramatically increasing 
the rotating volume and mass of the tool holder. This might be 
a reason why no references for such systems being applied to 
diamond milling can be found in recent reviews (cf. [10]).  
A practicable approach, however, is seen in a thermo-
mechanical actuator in which the tool holder is heated up 
locally and thus reacts with a thermal elongation of the 
substrate material (Fig. 2a). As the physical properties of the 
tool holder (e.g. specific heat capacity, coefficient of thermal 
expansion) are known, the required heat input may be 
calculated in advance, according to the desired elongation. 
Because heat can easily be transferred without physical 
contact, e.g. via infrared radiation, much of the required 
electronics may be set up statically and thereby does not 
introduce any disturbances to the milling process.  
2. Design of a thermo-mechanical actuator for aligning 
multiple diamond cutting edges 
In the early design phase of the actuator, basic calculations 
of heat transfer and thermal elongation had shown that an 
elongation of ǻl = 10 nm could be achieved by heating up a 
10 x 10 x 30 mm³ 42CrMo4-steel-bar by ǻT = 0.03 K [11]. 
Using a high-power LED emitting in the infrared domain 
(e.g. Osram SFH 4783), the required amount of heat may be 
generated within a couple of seconds. 
 
Fig. 2. (a) Concept and (b) static test stand for thermo-mechanical actuator. 
Hence, the thermo-mechanical actuator was initially 
designed as a beam structure that is heated via an infrared 
light source (Fig. 2b). The thermal elongation was limited in 
radial direction by adding flexure hinges at the front of the 
actuator. Furthermore, a mechanical pre-setting mechanism 
was implemented in order to compensate tool shifts beyond 
the capacity of the thermal actuator. 
In general, an effective control of the actuator’s thermal 
elongation is only possible, if a suitable control scheme is 
chosen and properly parametrized. Thus, the actuator’s 
transfer function will be discussed in the following.  
When illuminating the actuator with an infrared light 
source a specific heat flow ሶܳ ௜௡  is generated. The heat is 
partially absorbed by the actuator ( ሶܳ ௔௕) while another part is 
dissipated to the surrounding ( ሶܳ ௗ௜௦). All heat flows combined 
are in a state of equilibrium (Eq. 1) 
ሶܳ ௜௡ ൌ ሶܳ௔௕ ൅ ሶܳௗ௜௦ (1) 
The absorbed heat ܳ௔௕ depends on the physical properties 
of the actuator (namely its mass m and specific heat capacity 
c) and its temperature difference to the ambient temperature 
(ߴ௔௖ െ ߴ௔௠). The respective heat flow ሶܳ ௔௕  is obtained after 
derivation with respect to time (Eq. 2). For simplicity, the 
ambient temperature is regarded as constant and thus removed 
by the derivation. 
ሶܳ ௔௕ ൌ ݉ ڄ ܿ ڄ ሶߴ௔௖ (2) 
The dissipated heat flow ሶܳ ௗ௜௦  can be modeled as a free 
convection, depending on the surface area of the actuator A, 
the heat transfer coefficient ĮK and the difference to ambient 
temperature (Eq. 3). 
ሶܳ ௗ௜௦ ൌ ߙ௄ ڄ ܣ ڄ ሺߴ௔௖ െ ߴ௔௠ሻ (3) 
In all, the resulting differential equation for the actuator 
identifies it as a first-order lag element (Eq. 4). 
ሶܳ ௜௡ ൌ ݉ ڄ ܿ ڄ ሶߴ௔௖ ൅ ߙ௄ ڄ ܣ ڄ ሺߴ௔௖ െ ߴ௔௠ሻ (4) 
On this basis, the temporal behavior of the actuator 
temperature ׇac(t) can be described as a step response (with 
ı(t) as unit step function) of the input heat flow (Eq. 5-8). 
ߴ௔௖ሺݐሻ ൌ ߴ௔௠ ൅ ܭణ ڄ ሶܳ ௜௡଴ሺͳ െ ݁
ି೟೅ሻ (5) 
ܭణ ൌ ߙ௄ିଵ ڄ ܣିଵ (6) 
ܶ ൌ ݉ ڄ ܿ ڄ ߙ௄ିଵ ڄ ܣିଵ (7) 
ሶܳ ௜௡ ൌ ሶܳ ௜௡଴ ڄ ߪሺݐሻ (8) 
The thermal state of the actuator can be linked to the 
resulting elongation ǻl(t) via the coefficient of thermal 
expansion ĮD of the substrate material (Eq. 9-11). 
߂݈ሺݐሻ ൌ ݈଴ ڄ ߙ஽ ڄ ሺߴ௔௖ሺݐሻ െ ߴ௔௠ሻ (9) 
߂݈ሺݐሻ ൌ ܭ௅ ڄ ሶܳ ௜௡଴ሺͳ െ ݁
ି೟೅ሻ (10) 
ܭ௅ ൌ ݈଴ሺݐሻ ڄ ߙ஽ ڄ ܭణ ൌ
௟బڄఈವ
ఈ಼ڄ஺
 (11) 
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3. Evaluation of the actuator in a static test stand 
Based on these findings, the actuator was built and then 
evaluated in a static test stand (Fig. 3), in order to allow for an 
easier integration of the heat source and the supporting 
metrology equipment. For simulating the rotation of the tool 
and thus the actuator, a fan was added to the test stand, 
generating an air flow around the actuator and thereby 
increasing the heat-loss due to forced convection. 
 
Fig. 3. Specifications and CAD-model of the static test stand with active 
cooling of the actuator (configuration: 1 LED+lens). 
Four different setups were compared in this evaluation 
(Fig. 4). The reference setup consists of a single LED source 
that illuminated the back face of the actuator (‘1 LED’). For 
the second setup, a lens was added in order to focus the 
incident radiation on the back face (‘1 LED+lens’). In a third 
setup, the actuator was insulated by covering the top and 
bottom face (‘1 LED+lens+insulation’), in order to reduce 
heat-loss due to convection. The fourth setup followed a 
different strategy by symmetrically heating the top and 
bottom face of the actuator using two IR-LED (‘2 LED’).  
 
Fig. 4. Configurations of static test stand and estimated illuminated area Aill. 
The results depicted in Fig. 5 show, that an elongation of 
ǻl  200 nm could be achieved with all setups. Adding a lens 
to the setup in order to focus the incident light on the target 
face effectively reduces the achievable elongation. The reason 
for this might be attributed to the lens itself, which focuses the 
light on the one hand, but absorbs a portion of the radiant flux 
on the other hand. When insulating the actuator, the 
achievable elongation is approximately doubled. However, 
this also decreases the dynamic behavior of the actuator, due 
to the slower cooling of the substrate in this setup. The largest 
elongation is achieved when using two LED at the same time. 
Not only the heat input into the actuator is effectively doubled 
in this case, but the top and bottom face also provide a bigger 
target for the incident radiation and thus allow for more heat 
to be absorbed by the actuator. 
 
Fig. 5. Comparison of different setups for illuminating the actuator: step 
response to constant illumination under forced convection. 
Due to its superior performance in comparison to the other 
setups, the 2-LED-configuration was chosen as the basis for 
developing a closed-loop control of the actuator’s elongation. 
In addition to the previous experiments, the top and bottom 
face was covered with black dye, in order to further increase 
absorption of heat. 
 
Fig. 6. Step responses and fitted actuator model for 2 LED setup. 
The left graph of Fig. 6 shows the step response as well as 
the fitted model (Eq. 10) for heating the actuator with constant 
illumination by the LED at full power. The graph on the right 
shows the response and fit for cooling down the actuator after 
switching off the light source. Along with the geometric and 
material properties of the actuator, the unknown parameters of 
the aforementioned model can be determined from these 
graphs. However, for controlling the elongation, knowledge 
of the gain ݇ ൌ ܭ௅ ڄ ሶܳ ௜௡଴ is sufficient. 
For heating the actuator, a gain of k = 1102.27 ± 0.55 nm 
was determined via the maximal achievable elongation. The 
respective time constant was calculated to Th = 49.81 ± 0.24 s. 
Using the calculated gain from the first fit, the time constant 
for cooling the actuator to ambient temperature was calculated 
to Tc = 64.12 ± 0.47 s. While cooling the actuator does not 
require a precise control of the LED duty cycle (the LED is 
simply switched off until the given setpoint is reached), only 
the time constant T = Th is used in the following. 
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4. Closed-loop control of tool position 
When choosing an appropriate control scheme for the 
thermal actuator, it had to be decided whether a continuous or 
discrete controller is required. A discrete three-step controller 
cannot be applied, because the LED has only two controllable 
states (on/off) and thus a ‘cooling’ of the actuator is 
impossible. A simple on-off-control is not feasible either, as a 
fluctuation around the setpoint is inevitable with this type of 
controller, which in undesirable for ultra-precision tool 
alignment. In contrast, a continuous PI- or PID-controller is 
able to fully compensate the remaining control deviation, but 
requires a continuously controllable actuator. For the IR-LED, 
this can be achieved by varying the duty-cycle of the LED via 
a pulse-width-modulation. Due to the naturally slow response 
time of thermal processes, the increased speed of a PID-
controller is not required. Hence, a PI-controller was chosen. 
The block diagram of the complete control path is shown in 
Fig. 7.  
 
Fig. 7. Block diagram of the actuator’s control loop. 
For initial tests, the controller parameters were set to 
Kp = 0.05 and Ti = 0.001. Fig. 8 shows the response of the 
actuator in closed-loop-control to a number of setpoint 
changes as well as the respective duty cycle u of the LED. 
Furthermore, the theoretical system behavior is determined by 
using a discretized form of the actuator model, which 
calculates the resulting elongation ǻln+1 incrementally from 
the previous value ǻln (Eq. 12). 
߂݈௡ାଵ ൌ ߂݈௡ ൅ ቀ
௨ڄ௄ಽڄொሶ ೔೙బି௱௟೙
்
ቁ ڄ ߂ݐ (12) 
 
Fig. 8. Actuator response (measured elongation and calculated response) in 
closed-loop control and respective LED duty-cycle. 
The first setpoint of ǻlset = 1000 nm is reached without 
overshoot after approx. ti = 180 s. Thereafter the elongation is 
set to values of ǻlset = 800 nm, 400 nm, 500 nm and 0 nm. All 
given setpoints are reached after a couple of seconds and are 
then maintained until the next setpoint-change, proving that a 
precise control of the actuator is possible by the selected 
control scheme. The slight difference to the values obtained 
by the model can be attributed to external disturbances, e.g. 
changes in ambient temperature, which are added up by the 
iterative nature of the model. 
5. Summary and outlook 
This paper describes the development of a thermal actuator 
for ultra-precision tool alignment in diamond milling. It was 
shown that the required elongation of only a few nanometers 
can be achieved by heating up the actuator with a high-power 
IR-LED. On the basis of a mathematical model of the 
actuator, a PI-controller was derived and parametrized. This 
enables setting the elongation within a range of approx. 
1000 nm by controlling the duty-cycle of the LED.  
The next steps focus on transferring the actuator to a 
spindle setup, in order to assess its performance in a machine-
like environment. 
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